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Objectives: to study the relationship between wall shear stresses measured in vivo and early atherosclerotic lesions in
the abdominal aorta.
Materials: eight young volunteers for in vivo wall shear-stress measurements. Abdominal aortas from 10 young adults
without signs or history of atherosclerotic disease were obtained by autopsy for histomorphometric measurements.
Methods: wall shear stresses were measured in the abdominal aorta above and below the renal arteries using a magnetic
resonance technique with high resolution for imaging and blood velocity mapping. At identical abdominal aortic locations,
intimal thickness was measured blindly using histomorphometric techniques and correlated to wall shear-stress variables
using linear-regression analysis.
Results: intimal thickness showed a linear decrease with mean wall shear stress (r=-0.90, p<0.01) and with maximum
wall shear stress (r=-0.86, p<0.01).
Conclusions: intimal thickness in the normal abdominal aorta is associated with mean, maximum and oscillating wall
shear stresses. These in vivo data corroborate previous in vitro studies suggesting that low and oscillating wall shear
stresses are localising factors for intimal thickening and hence the early development of atherosclerosis.
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Introduction to be one of the first steps in the atherosclerotic process
(Fig. 1) and it has recently been shown that the ath-
The patchy distribution of atherosclerotic lesions with erosclerotic lesions do form at the sites where specific
predilection sites at branches and curvatures in the adhesion molecules are upregulated.5
arteries has been interpreted as evidence for an as- In the macroscopic settings this is in accordance
sociation between atherosclerotic disease and local with previous studies that have shown associations
haemodynamics. A main haemodynamic parameter between low and/or oscillating wall shear stresses
in this interaction is the “wall shear stress” (WSS), and the localisation of early atherosclerotic disease in
which is the mechanical force imposed on the endo- specific parts of the aortic bifurcation,6 the carotid
thelium by the flowing blood. WSS is a key regulator bifurcation,7 in coronary arteries8 and in the distal
of endothelial functions of importance for the de- abdominal aorta.9
velopment of vascular disease.1 Studies of endothelial- In these model studies wall shear stresses (WSS)
cell cultures and genetically modified animal models were measured in vitro. Direct evidence of a correlation
have demonstrated the role of WSS in the initial endo- between wall shear stresses and human atherosclerotic
thelial injury that precedes the chronic inflammatory lesions is scarce, due to methodological problems of
response of atherosclerotic disease.2 It has recently measuring WSS in vivo, and mainly indirect meas-
been demonstrated that endothelial cells sensing either urements of WSS are available.10,11 But, recently, non-
low3 and/or oscillating4 WSS upregulate their ex- invasive methods have been developed for direct
pression of cellular adhesion molecules. This is thought measurement of wall shear stress using magnetic res-
onance (MR)12,13 and ultrasound Doppler.14
* Please address all correspondence to: E. M. Pedersen, Department In a previous paper we showed a correlation be-of Cardiothoracic and Vascular Surgery T, Aarhus University Hos-
pital, Skejby Hospital, 8200 Aarhus N, Denmark. tween the location of early atherosclerotic lesions from
1078–5884/99/100328+06 $12.00/0 Ó 1999 Harcourt Publishers Ltd.
Early Atherosclerosis and Wall Shear Stress 329
Fig. 1. Hypothesis on the role of wall shear stress in the initiation and growth of the atherosclerotic plaque. Blood velocities (arrows) in
a tangential view of an artery with its endothelial cells and intima shown. Notice the difference between the wall shear stresses at the
two vessel walls, as would be seen at e.g. a curvature or a bifurcation. (a) Low wall shear stress induces endothelial injury (dysfunction)
with increased permeability and expression of cellular adhesion molecules on the endothelial surface. (b) Arterial remodelling and adaptive
intimal thickening with monocyte accumulation and foam cell formation adjusts wall shear stress to a more tolerated level. (c) Progression
to advanced stenosing lesion by an excessive inflammatory response triggered by presence of additional risk factors (hyperlipidaemia,
smoking, hypertension, diabetes etc.).
autopsies in young adults15 and wall shear stresses obtained in six volunteers, while one of either of the
three series was unsuccessful in two volunteers, duemeasured in vitro in a flow model of the abdominal
aorta. to movement artefacts and triggering problems.
WSS was determined at the anterior, posterior, leftThe aim of this study was to examine if the hypo-
thesis of correlation between characteristic wall shear and right vessel walls at the suprarenal as well as at
the infrarenal positions. A linear curve-fitting methodstresses and location of early atherosclerotic lesions
would still hold true, when measuring wall shear was used for assessing WSS.13 The mean, maximum
and minimum WSS values throughout the cardiacstresses in vivo by MR in the normal abdominal aorta
of young adults.13 To obtain a sufficient amount of cycle were determined. An oscillating shear index
(OSI) was calculated as:data points for comparison, previously unpublished




where |Aneg| and |Apos| are the absolute, numericalMaterials and Methods areas under the WSS vs. time curve (see Fig. 2). By
convention, the WSS values are considered to have a
Wall shear-stress measurements negative value when flow is directed towards the
heart. The oscillating shear index describes the degree
Wall shear stress was measured in eight volunteers of deviation of WSS from the antegrade flow direction.
without a history of cardiovascular disease (mean age
26.4 years; range 23–30) as approved by the in-
stitutional committee on human research. Individual
informed consent was obtained according to the Hel- Histomorphometric measurements
sinki II declaration. The measurements were made by
a 1.5 T 15S Philips Gyroscan whole-body scanner using Aortas were obtained by autopsy from 10 subjects
(mean age 34.0 years; range 18–40 years) with no signsthe FID Acquired Echo (FAcE) technique for phase-
contrast blood velocity measurements.13 Complete or history of cardiovascular disease. The aortas were
opened longitudinally, and strips were cut out com-measurement series 1.5 cm above the coeliac trunk and
3.5 cm above the abdominal aortic bifurcation were prising the whole circumference at the same axial
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Statistics
Differences in intimal thickness indices and wall shear
stresses, respectively, as measured at the different axial
and circumferential locations in the abdominal aorta
were analysed using Student’s t-test for paired samples
(two-tailed). Correlations between intimal thickness
index and wall shear stress at identical locations were
calculated by linear regression. Probability plots of
residuals were made to assess normal distribution. A
p value below 0.05 was considered statistically sig-
nificant.
Results
Wall shear stress measurements
Fig. 2. Example of WSS waveforms throughout the cardiac cycle at Wall shear stress as a function of time showed tri-
the anterior and posterior vessel wall in the infrarenal aorta. Each phasic waveforms in all cases with change of the wall
waveform is the mean–1 s.d. of all measurements from six subjects.
shear-stress direction during early diastole. An ex-
ample of the wall shear stresses throughout the heart
cycle at the anterior and posterior vessel wall in the
infrarenal aorta is seen in Fig. 2 and quantitative values(–5 mm) suprarenal and infrarenal locations as for
the WSS measurements. Each strip was divided into are listed in Table 1. Maximum (4.11 N/m2 vs. 2.69 N/
m2, p<0.001) as well as mean wall shear stresseseight equally sized specimens originating from dif-
ferent locations around the circumference of the vessel. (0.62 N/m2 vs. 0.27 N/m2, p<0.001) were highest at
the suprarenal location. The minimum (or highestHistologic preparations from each specimen were then
projected onto a table using a projection microscope, retrograde) wall shear stresses were found at the
infrarenal location (-1.07 N/m2 vs. -0.71 N/m2,and a grid composed of equidistantly spaced points
was applied to the image. An intimal thickness index p<0.01), where the oscillating shear index (OSI) was
highest (0.23 vs. 0.08, p<0.01).(ITI), defined as the number of “intima hits”, was
determined in a blinded fashion16 at circumferential In the infrarenal aorta, consistent differences in the
magnitude of the wall shear-stress measures werelocations identical to the circumferential positions of
the WSS determinations. observed between the anterior and the posterior vessel
Table 1. Quantitative haemodynamic and histomorphometric data in the abdominal aorta.
Location in Wall shear stresses (n=6) Intimal thickness
abdominal aorta [N/m2] index (n=10)
Max–s.d. Min–s.d. Mean–s.d. OSI–s.d. Mean–s.d.
Suprarenal aorta
anterior 3.84–0.50 -0.96–0.52 0.54–0.14 0.13–0.09 3.5–2.0
posterior 4.30–0.80 -0.46–0.15 0.71–0.12 0.03–0.02 4.5–2.6
left 4.57–2.03 -1.01–0.50 0.61–0.32 0.11–0.07 3.4–2.6
right 3.71–0.87 -0.39–0.20 0.63–0.12 0.04–0.03 3.5–3.3
mean 4.11 -0.71 0.62 0.08 3.7
Infrarenal aorta
anterior 2.90–0.32 -0.76–0.29 0.38–0.06 0.13–0.09 5.6–2.6
posterior 2.54–0.38 -1.25–0.26 0.18–0.04 0.31–0.05 8.6–4.4
left 2.67–0.60 -1.15–0.40 0.25–0.08 0.24–0.10 6.8–4.7
right 2.65–0.57 -1.13–0.40 0.25–0.10 0.25–0.08 6.3–3.8
mean 2.69 -1.07 0.27 0.23 6.8
Quantitative wall shear stress and intimal thickness-index values from all measurement positions (mean–standard deviation). OSI=
oscillating shear index.
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Table 2. Correlation of wall shear stress variables and relative
intimal thickness.
WSS parameter r p
Maximum WSS -0.86 0.006*
Minimum WSS -0.64 0.09
Mean WSS -0.90 0.003*
OSI 0.87 0.005*
The correlation coefficient (r) and significance level. OSI=oscillating
shear index. * Indicates p<0.01.
wall. Highest mean (0.38 N/m2 vs. 0.18 N/m2, p<0.01)
and maximum (2.90 N/m2 vs. 2.54 N/m2, p<0.01) wall-
shear stresses were determined at the anterior vessel
wall, while minimum wall shear stresses (-1.25 N/
m2 vs. -0.76 N/m2, p<0.01) were seen at the posterior
vessel wall. The oscillating shear index was also high-
est at the posterior vessel wall (0.31 vs. 0.13, p<0.01).
Differences were not observed between wall shear
stresses at the left and right side in the infrarenal aorta
(p>0.75 for all wall shear-stress variables). A similar,
consistent pattern was not seen in the suprarenal
aorta, where significant differences between opposing
circumferential locations were absent.
Histomorphometric measurements
Intimal thickness index for all sample sites is listed in
Table 1. Intima was thicker in the infrarenal (ITImean=
6.8) as compared to the suprarenal aorta (ITImean=3.7)
(p<1.10-5). In the infrarenal aortic position, the intima
of the posterior vessel wall (8.6–4.4) was significantly
thicker than at the anterior wall (5.6–2.6) (p<0.01).
Otherwise significant differences were not present
between locations opposite to each other (anterior–
posterior or left–right). An age-dependent increase in
intimal thickness index was seen (r=0.71, p<0.05).
Correlations between relative intimal thickness and wall
shear stress
Correlations between wall shear-stress variables and
intimal thickness indices from identical locations are
given in Table 2. Intima thickness showed a significant
linear decrease with mean wall shear stress (r=-0.90,
p<0.01, Fig. 3a) and maximum wall shear stress (r=
Fig. 3. Scatter plots of relative intimal thickness as a function of (a)-0.86, p<0.01, Fig. 3b) and a significant linear increase
mean wall shear stress (WSS), (b) maximum wall shear stress andwith oscillating shear index (r=0.87, p<0.01, Fig. 3c).
(c) oscillating shear index. r=Correlation coefficient, p=level of
Significant associations were not present between these significance. Data from suprarenal aorta are shown with empty
circles. Data from infrarena aorta are shown with full circles.variables and minimum wall shear stress.
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Discussion distributions of intimal thickness index in these young
adults agreed with findings in larger studies.21,22
The limitations of the present study were partlyThis study has demonstrated significant correlations
related to the MR methodology and partly to the inter-between intima thickness and low and oscillating wall
individual variations in wall shear stress and intimashear stresses measured in vivo in the normal ab-
thickness. Although a high resolution for in vivo meas-dominal aorta in young adults. Our results support
urements (0.5 mm) was used, an expected under-the hypothesis, previously based on indirect in vivo, in
estimation of maximum wall shear stress in the ordervitro or animal experiments that low and/or oscillating
of 15–25% is still to be expected when using a linearshear stresses favour the development of athero-
fit for calculation of WSS by fitting of velocity profiles.23sclerosis. In the case of the abdominal aorta, these
Other inherent limitations of the MR measurementsresults indicate that the specific wall shear stress acting
have previously been discussed in detail.13 In order toon the infrarenal abdominal aorta is associated with
justify the comparison of haemodynamics from onethe development of atherosclerosis in this location.17
group and histopathology from another group of sub-Two recent studies9,15 comparing in vitro wall shear-
jects, care was taken only to use well-defined andstress measurements to intimal thickness in the ab-
measurable positions in the abdominal aorta where thedominal aorta found a significant correlation between
haemodynamics are known to not vary dramaticallythe minimum wall shear stress and intimal thickness.
within millimetres. Recently, magnetic resonanceAlthough a correlation was seen, significance was not
imaging has also been introduced as a method forreached in the present study, where low minimum
quantifying the degree of atherosclerotic disease inwall shear stresses and high oscillation were found at
vivo.24,25 This could reduce the problem of inter-the anterior and left vessel wall in the suprarenal
individual variation when comparing haemodynamicposition contradicting previous in vitro experiments9,15
and morphometric data from different groups, whenand an in vivo study.12 One of the differences between
it becomes possible to quantify haemodynamic andin vivo and in vitro studies is the presence of a spiral
morphometric variables non-invasively during themotion of flow through the descending thoracic
same examination. Such combined non-invasive stud-aorta18–20 which induces circumferential variations in
ies of wall shear stress and morphology could clarifysuprarenal wall shear stresses. Also, the signal-to-noise
the relationship between local haemodynamics andratio was significantly lower in the suprarenal location
the progression of atherosclerotic disease. Studies within our study, due to the use of body coil at this position.
repeated measurements over time could reveal whichThe infrarenal wall shear-stress measurements were
early lesions are prone to progression and which arequantitatively in agreement with a previous study,12 not,26 and the effect of interventions could be studied.
and qualitatively with the in vitro data9,15 mentioned Finally, there are indications that WSS might be the
above. In general, the in vivo data showed higher wall key to understanding the beneficial effects of exercise
shear stresses than the in vitro measurements. on cardiovascular disease.27 This opens up new paths
The histomorphometric analysis technique applied for rational studies of how exercise should be per-
in this study provided a relative measure of intimal formed in order to help delay the onset and pro-
thickness suitable for comparing intima thicknesses at gression of atherosclerotic disease.
different locations.16 The standard deviation of the In conclusion, this study has showed correlation
histomorphometric data can partly be ascribed to the between low and oscillating wall shear stresses meas-
age, as documented by the significant correlation be- ured in vivo with histomorphometric measurements
tween age and mean intimal thickness index which of intimal thickness in the human abdominal aorta.
corresponds to other findings.21 In the case of the These data are in agreement with the hypothesis that
suprarenal aorta, the relatively thin intimas (Table 1) low or oscillating wall shear stresses are a localising
with corresponding lower number of “hits” will lead factor for intimal thickening with subsequent im-
to a less accurate determination of intimal thickness. plications for the development of atherosclerosis.26
Despite these variations, significant (p<0.01) correla-
tions with WSS variables were found (Table 2). Taking
into consideration the above-mentioned less precise
determination of both WSS and intimal thickness index
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